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This study aimed to evaluate the composition of inorganic elements as well as their bioaccessibility in com-
mercial plant-based yogurt. The samples were mineralized using fast ultrasound-assisted acid digestion, and the
inorganic elements were determined by ICP-MS. The method was validated according to the INMETRO guide,
with recoveries from 99% to 111%; precision from 2% to 14%, and LOQ ranging from 0.4 pg/100 g to 2.5 mg/
100 g. The element concentrations (mg/100 g) of the plant-based yogurts were Ca(<LOQ-239.90); Cu(<LOQ-
0.16); Fe (0.07-1.48); K(27.0-226.4); Mg(3.72-23.9); Mn(0.05-0.34); Na(2.77-165.3); P(7.80-189.6); Zn
(<LOQ-1.06), and Se (<LOQ-2.18 ug/100 g). In turn, the animal-based yogurts contained only Ca, K, Mg, Na, Zn,
and Se. The bioaccessible Ca was higher in animal-based yogurt (41%), while the bioaccessible fraction of Mn
(30%), Cu(25-61%), and Fe(9-33%) was only quantified in the plant-based yogurts. Regarding the trace ele-
ments, some samples showed bioaccessibility above 50% for Cr, Ni, Mo, Ba, and Co, while the animal-based
yogurts showed bioaccessibility only for Mo(71%). Despite the variation in the mineral contents of plant-
based yogurts, the bioaccessibility was similar to that of animal-based yogurt. The bioaccessible fraction
(>50%) demonstrates the importance of knowing the composition of plant-based foods to ensure the safety and

health of consumers despite the lower contents of the trace elements.

1. Introduction

The plant-based food market is growing and consumers (vegetarians,
vegans, flexitarians, and the general population) are increasingly
seeking plant-based alternatives to animal products. The impact of this
demand has led food companies to invest in the development of new
non-dairy products (Makinen et al., 2016) to provide tasty foods that can
meet their nutritional needs and have functional properties, such as the
presence of fiber, vitamins, and minerals, considered to be health pro-
moters (Bernat et al., 2014; Sethi et al., 2016; Singhal et al., 2017).

Although plant-based beverages are well-established and widely
consumed, novel products such as plant-based yogurts are also
emerging. Unlike fermented milk yogurts, plant-based yogurts do not
present concerns related to lactose intolerance and cholesterol (Lomer
et al.,, 2007; Tangyu et al., 2019). However, studies have shown that
plant beverages have a lower nutritional value when compared to their
bovine analog, especially concerning protein and mineral contents.
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Thus, they are usually fortified with calcium to increase their nutritional
quality and make them viable substitutes for animal products (Jeske
etal., 2017; Makinen et al., 2016; Sethi et al., 2016). Despite the healthy
appeal and increased consumption, there is a variation in their nutri-
tional composition, requiring further studies, mainly regarding the
bioavailability of nutrients to be used as substitutes for animal products
(Singhal et al., 2017).

Depending on the composition of the raw material used (oilseeds,
legumes, cereals, fruits, rice, among others), bioactive compounds, fi-
bers, vitamins, and minerals such as phosphorus, potassium, zinc,
manganese, copper, selenium, calcium, magnesium, and iron may be
present in the final product, thus contributing to human health (Bernat
et al., 2014; Felberg et al., 2009; Sethi et al., 2016; Singhal et al., 2017).

Minerals are indispensable for organic functions, both in ionic form
and as constituents of compounds such as hormones, enzymes, and tis-
sue proteins, making up about 4% of total body weight (Xia et al., 2017).
On the other hand, toxic elements can cause damage to various organs
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after they leave the systemic circulation. However, the accumulation
over time is a worrying topic, leading to damage generated by mecha-
nisms such as the breakdown of enzymes, hormones, proteins, and cell
membranes, among others, once they have no biological function
(Patwa et al., 2022; Patwa & Flora, 2020).

Studies in the literature have reported that the essential minerals in
different matrices such as rice, almonds, soluble soybean extract, and
coconut can vary from 4 to 237 mg/100 g for the element Ca, from 2 to
222 mg/100 g for Mg, from 0.15 to 1.95 mg/100 g for Mn, from trace
value to 3.1 mg/100 g for Fe, from 0.02 to 0.93 mg/100 g for Cu, and
from 0.3 to 2.6 mg/100 g for Zn (TACO, 2011). However, like essential
minerals, toxic elements can be retained during processing and in the
final product. Thus, the safety of plant-based foods depends not only on
the characteristics of the raw materials used, but also on external factors
such as soil, inputs, harvest, storage, transport, processing, and
post-processing handling. Thus, monitoring the levels of inorganic ele-
ments considered essential and toxic, and their bioaccessibility, are
necessary for this type of food (Codina-Torrella et al., 2017; Fioravanti
et al., 2023; Jeske et al., 2017; Singhal et al., 2017).

In Brazil, no regulation defines the quality parameters of plant-based
(PB) products. Few studies have been discussed about the implementa-
tion of ISO 23662, which defines and establishes criteria for the entire
production chain of vegan and vegetarian foods, in addition to labeling
parameters and label claims. In June 2021, Ordinance. 327 was pub-
lished, inviting the public to participate in the Public Consultation to
obtain information that may assist in the regulation of processed prod-
ucts of plant origin to replace animal-based products, self-denominated
as plant-based. Recently, the European Commission updated the tech-
nical regulation (EU - n° 2023/915) on maximum levels contaminants in
foodstuffs and information about plant-based products was not added
(European Commission, 2023,2023). Regarding the provision of infor-
mation to consumers on foodstuffs, both the Food and Drug Adminis-
tration (FDA), through the Code of Federal Regulations, and the
European Parliament (EU) do not establish thresholds for inorganic
contaminants in plant-based products (CFR, 2023; European Commis-
sion, 2023). In nutrition-related studies, it is of paramount importance
to consider both the risk or benefit assessment associated with the intake
of a particular element. Moreover, not only the determination of total
levels must be considered since not every substance ingested is absorbed
and effectively utilized by the human body. Thus, methods in vitro have
been proposed for the determination of the bioaccessibility of com-
pounds present in food, once they are faster, simpler, relatively low cost,
and are performed under controlled conditions (Laparra et al., 2003;
Minekus et al., 2014). In vitro assays can simulate, in a simplified way,
physiological conditions such as temperature, the chemical composition
of the digestive fluids, pH, and residence times in each compartment
(Fernandez-Garcia et al., 2009; Minekus et al., 2014). Most models that
simulate gastrointestinal digestion are static, as they simulate the
digestive transit by sequential (compartmental) exposure of food under
simulated conditions from the stomach and small intestine, or from the
mouth, stomach, and small intestine (Cardoso et al., 2015; Minekus
et al., 2014; Thakur et al., 2020).

As the consumption of plant-based products is constantly increasing,
mainly as an alternative to cow’s milk, it is critical to study both the total
content and the bioaccessible fraction of inorganic elements. The
composition of the essential and potentially toxic elements may vary
depending on the raw material, the industrial processes, the use of for-
tifiers, the presence of anti-nutritional factors, among others (Part et al.,
2023; Silva et al., 2020). Silva et al. (2020) verified that the content and
bioaccessibility of essential minerals varied widely; samples of
plant-based beverages not fortified with Ca presented less amount of Ca
content than cow’s milk, however samples that were fortified presented
comparable values for total Ca and more Ca bioaccessibility than cow’s
milk.

Therefore, the objective of this study was to evaluate the composi-
tion of essential and trace elements such as aluminum (Al), barium (Ba),
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Table 1
ICP OES and ICP-MS parameters for the determination of inorganic contami-
nants in yogurt samples.

ICP OES conditions

Power (RF)

Air flow rate/
Auxiliary air

Nebulization
Chamber

Nebulizer flow rate

Wavelength (nm)

1200 W
12.0 /1.0 L min~!

Double-pass cyclonic

Seaspray; 0.70 L min~’

Ca (317.933), Cu (324.754), Fe (259.940), P (213.618), Mg

(279.553), Mn (257.610), K (766.491), Na (589.592), Zn

(206.200)

ICP-MS conditions

Power (RF)

Air flow rate/
Auxiliary air

He Flow rate

Nebulizer flow rate

Nebulization
Chamber

Dwell Time

Monitored Isotopes

Internal standard
(IS): 50 pg/L

1550 W
14.0 / 0.8 L min~!

5.00 mL min~*
Micromist; 0.98 L min~
Double-pass cyclonic at 2.8°C

1

0.35/0.02s (P
27 A1,53Cr, 59Co,5°Ni,”8Se,”’ Mo, 1*’Ba
5¢,72Ge;1151n; 103R h;20%Bi; 195p¢

calcium (Ca), cobalt (Co), copper (Cu), chromium (Cr), iron (Fe), po-
tassium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo),
nickel (Ni), sodium (Na), phosphorus (P), zinc (Zn), and Se (selenium) in
plant-based yogurts and to determine the bioaccessible fraction of
inorganic elements, aimed to ensure the quality and food safety of plant-
based products for the population.

2. Materials and methods
2.1. Reagents and solutions

Analytical grade reagents were used in the experiments: water pu-
rified in a reverse osmosis system with a resistivity less than 18.2 M Q cm
(Gehaka, Sao Paulo, Brazil); concentrated nitric acid purified by sub-
boiling distillation (Distillacid, Berghof, Eningen, Germany); 37% hy-
drochloric acid, 30% hydrogen peroxide (H202) (v/v) (Merck, Darm-
stadt, Germany), o-amylase (10080), porcine pepsin (P6887), bile
bovine (B3883), pancreatin (P7545) from Sigma Aldrich (St. Louis,
EUA) and other reagents used for the preparation of salivary, gastric,
and enteric fluids, as specified in the INFOGEST protocol (Brodkorb
et al., 2019).

Certified reference material (CRM): SRM 1547 Peach leaves (Na-
tional Institute of Standards and Technology, Gaithersburg, EUA) and
ERM-BD 151 skimmed milk powder (Joint Research Center, Geel,
Bélgica), standard solutions of 100 or 1000 mg/L (Specsol-Quimlab,
Jacarei, Brazil) containing the minerals Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn,
and Se, and the contaminants Al, Ba, Cr, Co, Mo, and Ni were also used.

2.2. Apparatus

An ultrasonic bath (Easy 180 H, Elma, Germany) was used for the
acid digestion of the samples. The elements Ca, Cu, Fe, P, Mg, Mn, K, Na,
and Zn were determined by inductively coupled plasma optical emission
spectrometry (ICP OES) (5100 VDV, Agilent Technologies, Tokyo,
Japan), while the elements Al, Cr, Co, Ni, Se, Mo, and Ba were deter-
mined by inductively coupled plasma mass spectrometry (ICP-MS)
(iCAP RQ, Thermo Scientific, Germany). The operating conditions are
described in Table 1.

2.3. Sampling

From August to October 2022, 44 samples of plant-based yogurt and



A.P. Rebellato et al.

Journal of Food Composition and Analysis 123 (2023) 105639

Table 2
Concentration of essential inorganic elements of plant-based and animal-based yogurts (mean + SD).
Samples  Brands Lot Ca Cu (mg/ Fe K Mg Mn Na P Zn Se
(mg/100g) 100 g) (mg/100 (mg/100 (mg/100 g) (mg/100g)  (mg/100 (mg/100g)  (mg/100 (ug/100 g)
g) ) 8) 2)
1 A% A 13.0 £ 0.2°  0.10 + 1.22 + 47.5 + 492 + 0.07 + 59.7 + 51.4 +1.3°  0.56 + 17.6 + 2.1%
0.00? 0.03? 1.3 0.12° 0.00? 1.6° 0.02°
vV B 9.88 + 0.09 + 112+ 41.6 + 421 + 0.06 + 54.8 + 46.5+0.3°  0.40 + 11.9 £ 0.1°
0.01° 0.00%® 0.01° 0.1° 0.00° 0.00° 0.1° 0.02°
vV C 10.2+0.3°  0.09 + 1.03 + 433 + 424 + 0.06 + 53.8 + 458 +£0.7° 1.06 + 20.0 + 1.8°
0.01° 0.01° 0.8° 0.09° 0.00° 0.9° 0.00?
2 vV A 10.7 £0.3°  0.10 + 1.02 + 46.1 + 459 + 0.06 + 51.9 + 43.6 +0.8° 0.45+ 14.0 £ 0.4°
0.00° 0.02° 0.6° 0.08° 0.00° 0.9" 0.00°
vV B 13.4+0.2° 011+ 1.50 + 58.7 + 5.68 + 0.08 + 73.5 + 56.9 £ 0.6° 0.72 + 13.2 + 0.6°
0.01° 0.03? 0.6° 0.06° 0.00% 0.8% 0.04%
A% ¢ 10.0 £ 0.1°  0.09 + 0.93 + 44.9 + 415+ 0.06 + 52.7 + 43.1+0.4°> 051+ 20.7 + 0.7°
0.00° 0.02¢ 0.5° 0.04° 0.00° 0.5" 0.04°
3 vV A 1254+ 0.3 012+ 1.42 + 55.5 + 5.64 + 0.07 + 70.1 + 54.8+1.3° 072+ 13.2+23°
0.01° 0.06° 1.5% 0.13° 0.00% 1.9 0.03%
vV B 122+0.2° 010+ 1.39 + 53.8 + 5.40 + 0.07 + 70.8 + 54,5+ 0.8°  0.36 + 13.3 +0.2°
0.00°® 0.03? 0.8° 0.07° 0.00° 1.2% 0.03°
vV C 10.3+0.3°  0.09 + 0.97 + 43.5 + 4.25 + 0.06 + 53.9 + 441 +11° 047+ 19.8 + 0.3°
0.01¢ 0.04° 1.3° 0.14° 0.00° 1.7° 0.02°
4 vV A 187 + 2.6 <LOQ 0.16 + 45.8 + 5.20 + 0.07 + 9.05 + 79.3+1.2° 024+ <1L0Q
0.00° 0.8° 0.10° 0.00% 0.36° 0.02°
A% B 204 + 2P <LOQ 0.13 + 34.8 + 4.09 + 0.05 + 9.52 + 85.7 +0.8°  <LOQ <LOQ
0.01¢ 0.3 0.04¢ 0.00° 0.30°
vV ¢ 210 + 32 <LOQ 0.20 + 39.1 + 4.87 + 0.05 + 9.34 + 87.4+1.3° 045+ <LOQ
0.01° 0.6° 0.04° 0.00° 0.13° 0.45%
5 vV A 165 + 1° <LOQ 0.07 + 33.0 + 3.87 + 0.05 + 7.60 + 69.8 £ 0.5 <LOQ <L0Q
0.01° 0.4 0.03° 0.00° 0.08°
A% B 199 + 17 <LOQ 0.25 + 51.5 + 5.89 + 0.09 + 111 + 87.3+4.9° <LOQ <LOQ
0.03? 2.9 0.34° 0.012 0.6°
vV C 200 + 3° <LOQ 0.19 + 40.6 + 479 + 0.06 + 10.1 + 86.6 £1.3° 012+ <L0Q
0.00° 0.6° 0.07° 0.00° 0.2" 0.00%
A% D 150 =+ 2¢ <L0Q 0.29 + 27.4 + 3.72 + 0.06 + 4.29 + 71.5+0.9° <LOQ 415 +
0.01° 0.3¢ 0.05° 0.00° 0.03¢ 0.59*
6 vV A 155 + 2° <LOQ 0.09 + 42.8 + 470 + 0.07 + 7.39 + 68.0 +0.6° <LOQ <LOQ
0.01° 0.5° 0.05° 0.00° 0.09¢
vV B 204 + 6 <LOQ 0.14 + 54.9 + 6.19 + 0.08 + 111 + 85.0 £2.6° <LOQ <L0Q
0.00° 1.6° 0.17° 0.00? 0.3
vV C 205 + 12 <LOQ 0.17 + 52.6 + 5.88 + 0.08 + 10.4 + 87.8+0.4° <LOQ <LOQ
0.01° 0.2° 0.02° 0.00° 0.1°
7 vV A <1L0Q 0.07 + 0.18 + 82.6 + 10.4+0.1° 018+ 115 + 13.8+0.1°  0.08 + <L0Q
0.00° 0.01° 0.5° 0.00° 0.1¢ 0.01%
A% B <LOQ 0.07 + 0.25 + 98.7 + 12.6 +0.4°  0.21 + 15.3 + 155+ 0.5°  0.06 + <LOQ
0.00° 0.01° 3.4 0.01° 0.5% 0.01°
vV C 1.93 + 0.07 + 0.29 + 100 £ 10 126 +£0.1% 021 + 13.4 + 15.6 £ 0.2°  <LOQ <LOQ
0.08° 0.00° 0.01° 0.00% 0.2
8 vV A 3.10 + 0.07 + 0.19 + 87.4 + 10.1+£0.2° 018+ 125 + 13.4+0.1% 023+ <L0Q
0.28° 0.00% 0.01¢ 2.4° 0.00° 0.4° 0.02°
vV B 2.56 + 0.08 + 0.26 + 107 £2° 124 +0.3% 021+ 13.7 + 15.3 £ 0.4°  <LOQ <LOQ
0.06° 0.01° 0.02° 0.01° 0.3%
vV C 2.50 + 0.06 + 0.62 + 81.5 + 9.00 + 0.17 + 10.7 + 11.8+0.2°  0.56 + 5.04 +
0.09° 0.00° 0.01° 0.7¢ 0.08° 0.00° 0.1¢ 0.01% 0.64°
9 FR A 15.6 +1.0°  0.07 + 0.29 + 180 +7°  8.081 + 0.09 + 3.36 + 144+ 04>  0.80 + 5.41 +
0.00° 0.02° 0.24° 0.00° 0.17° 0.16° 0.42°
FR B 12.8 £0.4°>  0.09 + 0.26 + 191 +£3* 892+ 0.09 + 3.86 + 16.4 £ 0.2°  0.08 + 4.45 +
0.00° 0.03? 0.17° 0.00° 0.03? 0.01° 0.89°
FR C 11.4 +0.6°  0.06 + 0.24 + 167 +1°  7.85+ 0.10 + 3.27 + 140+0.1> 013+ 10.8 + 2.0°
0.00° 0.02° 0.04° 0.00° 0.02° 0.01°
10 FR A 6.44 + 0.05 + 0.28 + 60.4 + 5.81 + 0.15 + 7.40 + 9.42 + 0.14 + 434 +
0.27% 0.00° 0.03? 0.7 0.08° 0.00? 0.08% 0.16° 0.02° 0.94°
FR B 5.86 + 0.05 + 0.09 + 57.4 + 5.03 + 0.13 + 717 + 8.26 + 0. 0.40 + 6.32 +
0.13° 0.01° 0.01° 0.9° 0.08° 0.00° 0.17° 46° 0.03° 0.85°
FR C 6.07 + <LOQ 0.23 + 58.8 + 5.40 + 0.15 + 6.79 + 8.76 + 0.09 + 5.56 +
0.09°° 0.03° 0.4 0.06" 0.01° 0.14° 0.19°° 0.01° 0.32%
11 FR A 3.97 + 0.06 + 0.17 + 59.9 + 5.37 + 0.09 + 4.20 + 9.64 + 0.09 + 8.26 +
0.14° 0.00° 0.01° 0.9° 0.03? 0.00° 0.15° 0.27° 0.01° 1.64°
FR B 3.89 + <LOQ 0.16 + 51.9 + 427 + 0.08 + 4.04 + 7.91 + 0.36 + 9.07 +
0.04° 0.03? 0.5¢ 0.04° 0.00° 0.04° 0.09° 0.07° 0.60°
FR C 423 + 0.04 + 0.08 + 56.7 + 5.00 + 0.10 + 411 + 9.28 + 0.21 + 8.78 +
0.08° 0.00° 0.00° 0.3 0.04° 0.00° 0.04° 0.09° 0.02° 1.00%
12 FR A 30.2+£09° 010+ 0.47 + 85.7 + 17.9£0.9° 031+ 3.41 + 38.0 £2.0° 029+ 17.9 + 3.7°
0.00° 0.05° 0.7% 0.03% 0.05° 0.04°
FR B 257 +1.7°  0.08 + 0.32 + 85.5 + 183+ 1.4° 027 + 3.03 + 323+29° 029+ 22.4 + 2.9°
0.00° 0.01° 1.4 0.02%° 0.02° 0.01°

(continued on next page)
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Table 2 (continued)
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Samples  Brands Lot Ca Cu (mg/ Fe K Mg Mn Na P Zn Se
(mg/100g) 100 g) (mg/100 (mg/100 (mg/100 g) (mg/100g)  (mg/100 (mg/100g)  (mg/100 (ug/100 g)
) g) 8) g)
FR ¢ 22.2+1.9° 0.06 + 0.26 + 83.0 + 13.2+01° 025+ 2.77 + 25.8+1.6° 0.66 + 20.0 + 1.3°
0.01¢ 0.02° 1.22 0.02° 0.02¢ 0.05°
13 BT A 221 + 3° 0.14 + 1.34 + 124 + 2° 23.2+03" 018+ 158 + 4° 178 + 2.° 0.19 + 4.30 +
0.00° 0.02? 0.00% 0.03° 0.87°
BT B 228 +12°  0.15 + 1.36 + 128 + 12 226 +1.3* 018+ 157 + 8° 188 + 17 0.24 + <LOQ
0.01° 0.05° 0.01° 0.03"
BT ¢ 181 + 6° 0.13 + 1.00 + 94.2 + 16.9+0.6° 0.16 + 116 + 4° 140 + 5° 0.34 + 4.87 +
0.00° 0.06° 2.9° 0.01° 0.02% 0.26°
14 MD A 7.60 + 0.07+0.00 0.10 + 134+ 0.4 10.4+0.03 020+ 127401 141401 019+ 7.50 +
0.07 0.00 0.00 0.01 0.18
15 MD A 2.98 + 0.07 £0.00  0.09 + 128 + 2 8.26+0.10 0.1+ 148+0.2 152402 024+ 8.66 +
0.03 0.00 0.00 0.03 0.21
16 PV A 56.9+ 0.4  0.08+0.00 027+ 157 + 1 13.5+ 0.1 0.23 + 19.34+0.2 504404 029+ <LOQ
0.01 0.00 0.03
17 PV A 85.0+1.7 0.11+0.01 041+ 223 + 4 182+03 032+ 182+04 71.6+1.4 027+ <LOQ
0.03 0.00 0.02
18 IN A 153+ 9 <LOQ <LOQ 180 +11  13.3+0.8 <LOQ 47.7 £28 108 +7 0.49 + 142415
0.05

Mean value + standard deviation (n = 3). Mean with different letters in the same column, for the same sample, indicate a significant difference (p < 0.05) determined
using one-way ANOVA and Tukey test at 95% of confidence. LOQ: limit of quantification: 0.4 ug/100 g (Se); 0.04 mg/100 g (Cu, Fe, Mn and Zn); 0.58 mg/100 g (Mg);
1.64 mg/100 g (Ca and Na); 2.44 mg/100 g (K); 2.48 mg/100 g (P). Samples 1, 2, and 3 contain protein isolates (pea protein and non-transgenic soy) as the main
ingredient; sample 13 contains cocoa powder and soy protein isolate; samples 4, 5, 6, and 13 are fortified with tricalcium phosphate; and samples 8, 9, 10, 12, 14, and
16 contain fruit in the composition; sample 18 is made with cow’s milk, and the others are made with coconut.

a sample of natural yogurt of animal origin were purchased from com-
mercial establishments in the municipality of Campinas (Sao Paulo,
Brazil), totaling 5 brands and 17 different flavors. For each sample, 1-3
distinct lots were purchased. The information on the sample labels is
described in our previous study (Rebellato et al., 2023).

2.4. Analytical control

Certified reference materials and a plant-based yogurt sample
(Sample F, Brand IVV, Lot 1) were used for method validation con-
cerning the figures of merit: accuracy, precision, linearity, the limit of
detection, and limit of quantification (AOAC, 2016; INMETRO, 2020).

Linearity was determined using five-point analytical curves for each
element. Precision was determined by calculating the coefficient of
variation of 7 independent repetitions of the yogurt sample. Method
accuracy was evaluated using certified reference materials (CRM),
including peach leaves for the elements Mn and Zn, and skimmed milk
powder for Ca, Cu, Fe, K, Mg, Na, Se, and P. The limits of detection and
quantification were estimated from the analyte concentration corre-
sponding to the mean value of a blank sample plus three and five stan-
dard deviations, respectively.

Certified standard solutions were used to construct the analytical
curve and were prepared from dilutions of the certified standard solu-
tions, with five points, ranging from 0. 0.41-41.0 mg/100 mL for Ca and
Na; 0.062-62.0 mg/100 mL for P; 0.015-14.5 mg/100 mL for Mg;
0.061-61.0 mg/100 mL for K; 0.001-1.0 mg/100 mL for Cu, Fe, Mn, and
Zn and 0.01-10.0 ug/100 mL for Se. Certified standard solutions of Sc,
Ge, In, Rh, Bi, and Pt at 1000 mg/L (Fluka, Steinheim, Germany) were
used as an internal standard solution at the concentration of 50 ug/L to
correct for matrix and instrument drift. The analytical control for the
inorganic elements considered toxic (Al, Ba, Cr, Co, Mo, and Ni) was
reported in a previous study by our research team (Rebellato et al.,
2023).

2.5. Sample preparation

The samples were mineralized as described by Rebellato et al.
(2023). For that, 0.5 g of sample was weighed into a graduated tube (50
mL) and 4 mL of HNO3 and 2 mL of Hy,0, were added, and the tube was
kept at rest overnight. Then, the tubes were heated in an ultrasonic bath

at 80 °C for 35 min, and cooled down to room temperature, the volume
was made up to 20 mL with ultrapure water and filtered with a 0.45 pm
PTFE filter (Agilent Technologies, Tokyo, Japan). All mineralization
procedures were performed in triplicate, including the analytical blank.

2.6. Effect of digestion in vitro on the bioaccessibility of inorganic
elements of plant-based yogurts

The in vitro digestion was determined according to the INFOGEST
2.0 protocol (Brodkorb et al., 2019), with modifications. Enzyme ac-
tivities were evaluated before starting the assays, a-amylase (10,080, 30
U/mg), porcine pepsin (P6887, 3843 U/mg), bovine bile (B3883),
pancreatin (P7545, 7.2 U) were used. The other reagents employed to
prepare the salivary fluids, gastric and enteric, and to determine enzyme
activity followed the protocol specifications. All reagents and enzymes
used were from Sigma Chemical Co., St. Louis (USA).

The gastric lipase enzyme was not used due to unavailability, and the
protocol was adjusted to use 2.5 g of sample. At the end of the intestinal
phase, the samples were centrifuged at 3500 g at 4 °C for 30 min and the
upper phase was transferred to digestion tubes, which were then incu-
bated at 100 °C overnight. The mineralization was performed according
to the sample preparation as previously described. All analyses were
performed in 3 separate repetitions.

2.7. Statistical analysis

The results were analyzed by F-test, one-way ANOVA and Tukey’s
test (p < 0.05) for comparison of means (x 4 SD) when necessary, using
the software Statistica 7.0 (StatSoft, EUA). The multivariate analysis was
conducted by Principal Component Analysis (PCA), and the software
Piroutte 3.11 (Infometrix, Inc., Bothell, WA, USA) was used to analyze
the results.

3. Results and discussion

3.1. Analytical method for determining the contents of inorganic elements
in plant-based and animal-based yogurts

Linearity was evaluated using five-point analytical curves for each
element studied. The analytical curves were linear with R > 0.99 for all
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Table 3
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Contribution (%) of consuming one serving of plant-based yogurt per day to a recommended daily intake (ANVISA, 2020) of essential inorganic elements.

Individual Plant-based yogurt

Ca Cu Fe Mg Mn P Zn Se Na K
Adults 11.8 15.1 5.95 3.47 7.37 12.1 5.25 3.16 2.43 3.91

0.28-40.8 7.56-30.2 0.85-18.0 1.51-9.66 2.83-19.3 1.89-46.0 0.62-16.4 1.13-6.17 0.24-14.1 1.31-11
Pregnant 9.10 13.6 3.09 3.65 11.1 6.8 4.82 3.16 2.43 3.91

0.21-31.4 6.80-27.2 0.44-9.32 1.58-10.1 4.25-28.9 1.125.8 0.57-15.0 1.13-6.17 0.24-14.1 1.31-11
Breastfeeding woman 9.10 10.5 8.33 4.05 8.50 6.76 4.45 2.71 2.43 3.91

0.21-31.4 5.23-20.9 1.19-25.2 1.76-11.3 3.27-22.2 1.06-25.8 0.52-13.9 0.97-5.29 0.24-14.1 1.31-11
Children aged 4-8 years 11.8 30.9 8.33 11.2 14.7 16.9 11.6 6.32 2.4 3.91

0.28-40.8 15.5-61.8 1.19-25.2 4.86-31.2 5.67-38.5 2.65-64.5 1.36-36.0 2.27-12.3 0.24-14.1 1.31-11
Individual Animal-based yogurt

Ca Cu Fe Mg Mn P Zn Se Na K
Adults 26.0 - - 5.38 26.3 7.58 4.03 4.05 8.73
Pregnant 20.0 - - 5.65 14.7 6.95 4.03 4.05 8.73
Breastfeeding woman 20.0 - - 6.27 14.7 6.41 3.45 4.05 8.73
Children aged 4-8 years 26.0 - - 17.4 36.9 16.7 8.06 4.05 8.73

170 g serving. Contributions are for the average, minimum, and maximum value of the plant-based yogurt.

elements. The tendency/recovery was performed with certified refer-
ence material, with percent recovery ranging from 99 (Fe) to 111% (Ca).
In addition, all the expanded uncertainties were larger than the differ-
ence between mean measured value and certified value, indicating the
measured mean value is not significantly different from the certified
value.

The precision was determined on 7 repetitions per sample, ranging
from 2% to 14%, which met the CV specifications provided by the
INMETRO (2020). The limit of detection (LOD) varied from 0.1 ug/100 g
to 0.8 mg/100 g, and the limit of quantification (LOQ) from 0.4 ng/100 g
to 2.5 mg/100 g for the elements studied.

3.2. Total content of essential inorganic elements in plant-based and
animal-based yogurts

The concentration of the inorganic elements of the plant-based and
animal-based yogurts is presented in Table 2. Great differences were
observed for the samples, including the plant-based yogurts of the same
brand and different lots. The analyses were also performed for an
animal-based yogurt (sample 18) for comparison purposes between
plant-based and animal-based samples. For animal-based yogurt (sam-
ple 18), the elements Cu, Fe, and Mn were below the LOQ (0.04 mg/100
g). In addition, levels of 14.2 ug/kg, and 153, 180, 13.3, 47.7, 108, and
0.49 mg/100 g were observed for the elements Se, Ca, K, Mg, Na, P, and
Zn, respectively. Literature data reported values of 143, 0.02, 71, 11, 52,
119, and 0.4 mg/100 g for Ca, Cu, K, Mg, Na, P, and Zn, respectively, for
the same type of sample (plain yogurt) (TACO, 2011). Except for K,
which had a higher content, the other elements showed similar values to
those reported in the literature. Abou Jaoude et al. (2010) analyzed the
chemical composition, mineral content, and cholesterol levels of cheese
and yogurt of animal origin. The authors found that the contents ranged
from 79 to 100; 130-146; 166-237; 13-21; 87-99; and 1-2 mg/100 g for
K, P, Na, Mg, Ca, and Zn, respectively, in whole yogurt samples, and the
K and Ca contents were lower than those obtained in our study.

For the plant-based samples, the Ca content ranged from <LOQ
(1.64) to 228 mg/100 g (sample 13, brand BT, lot C). The highest values
were observed for the samples fortified with tricalcium phosphate, as
stated on the labels (samples 4, 5, 6, and 13). Of these samples, only
sample 13 contained soy protein isolate in its composition, while the
others (4, 5, and 6) contained coconut cream as the main ingredient.

Although the samples showed great variation in results when
comparing the Ca content of the animal-based yogurt (153 mg/100 g)
with the samples not subjected to fortification (14.2 mg/100 g), a
reduction of approximately 90% was observed in the Ca content of the
plant-based samples. According to the literature, Ca is added to most
alternative plant-based milk to mimic the levels present in animal
products (134 + 8.6 mg/100 g) (Vanga & Raghavan, 2018).

Only sample 7 (brand VV) showed results below the LOQ for lots A
and B. Another relevant factor is the significant difference (p < 0.05) in
Ca content observed in at least one of the lots of the same brand,
probably due to processing conditions and the raw material used.

Although the elements Cu, Fe, Mn, and Zn were present in low
concentrations in the plant-based yogurts, the values ranged from <
0.04-0.16; 0.07-1.48; 0.05-0.34; and < 0.04-1.06 mg/100 g, respec-
tively, which was not observed in the animal-based yogurt (content <
LOQ for Cu, Fe, and Mn), except for Zn, with 0.49 mg/100 g. In addition,
only samples 7 (Cu), 9, and 10 (Fe) did not present significant differ-
ences among the 3 lots analyzed, which demonstrates the variability of
mineral composition among the samples.

The sodium and potassium contents varied from 2.77 to 158, and
27.4-223 mg/100 g, respectively, with no significant differences among
the lots for samples 12 (K), 4, and 11 (Na).

When comparing the Na and K levels of the animal-based samples
(47.7 and 180 mg/100 g, respectively) with those of plant-based sam-
ples, samples 1, 2, 3, and 13 had Na contents higher than 48 mg/100 g.
The factor that differentiates these samples from the others is the pres-
ence of pea protein isolate and non-transgenic soybeans in samples 1, 2,
and 3; and cocoa powder, soy protein isolate, and salt (sodium chloride)
in sample 13, while the others contain milk or cream or coconut pulp in
their composition. Regarding element K, only sample 9 (lots A and B)
containing apricots, and sample 17, which requires reconstitution in
water or milk before consumption, showed a content higher than 180
mg/100 g.

Concerning the elements magnesium (Mg) and phosphorus (P), the
contents varied from 3.72 to 23.2, and 7.80-188 mg/100 g, respectively.
It is worth mentioning that the highest contents for Mg and P were
observed in sample 13, which contains cocoa powder and soy protein
isolate in its composition. When comparing the results (mg/100 g) of the
plant-based samples with those of animal origin (Mg =13.3 and P =
108), the plant-based yogurts showed lower contents for both elements
Mg (mean value 8.58) and P (mean value 49.7). In addition, all samples
showed a significant difference (p < 0.05) in at least one of the lots of the
same brand Table 2.

The Se content ranged from < 4 (LOQ) to 22.4 pg/kg, and 11.2 pg/kg
was the mean value among the plant-based yogurts. The Se content of
the animal-based yogurt was approximately 27% higher than the value
found for the plant-based yogurt, with values of 14.2 and 11.2 pg/kg,
respectively.

Recent studies are being published on the subject of plant-based
yogurts (Devnani et al., 2022; Greis et al., 2023; Mehta et al., 2023;
Part et al., 2023), but work on the content of essential and potentially
toxic inorganic elements and their bioaccessibility is still scarce in the
literature.

There are no reports on the mineral composition of plant-based
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Table 4
Total content (mg/100 &), soluble fraction (mg/100 g), and bioaccessibility percentage of essential elements of plant-based and animal-based yogurts.

Samples Parameters Ca Mg P Zn Mn Cu Fe Se

2 Total content nd 20.9 £ 0.7 163+ 6 nd nd 0.13 + 0.00 1.50 + 0.10
Soluble fraction 1.60 + 0.3 29.5 £ 0.3 0.07 £+ 0.00 0.49 + 0.04 nd
% bioaccessible 7.66 18.1 53.9 327

5 Total content 158 + 2 3.56 + 0.05 67.8 + 0.53 nd nd nd nd
Soluble fraction 27.2+2.6 2.08 + 0.14 51.2 + 5.6 nd
% bioaccessible 17.2 58.5 75.4

12 Total content nd 16.6 £ 1.2 345+ 1.0 nd 0.28 + 0.03 nd nd
Soluble fraction 8.27 £ 0.45 13.1 £3.0 0.08 + 0.00 nd
% bioaccessible 49.8 38.0 28.6

13 Total content 47.2 +3.1 14.6 £ 0.9 188 +1 nd nd 0.15 + 0.01 nd
Soluble fraction 16.2 £ 0.2 8.14 + 0.53 87.7 + 3.9 0.09 £ 0.00 nd
% bioaccessible 34.4 55.6 46.6 61.2

16 Total content 56.9 + 0.4 4.78 £ 0.10 nd nd 0.23 £ 0.00 0.08 + 0.00 1.20 + 0.03
Soluble fraction 20.7 £1.5 3.36 £ 0.33 0.07 + 0.00 0.02 £ 0.00 0.11 + 0.00 nd
% bioaccessible 36.4 70.3 30.4 25.0 9.17

18 Total content 128 +2 13.7 £ 0.3 102 +2 0.26 + 0.02 nd nd nd
Soluble fraction 51.8 £ 0.5 8.35 £0.23 77.9 + 3.0 0.22 £ 0.01 nd
% bioaccessible 40.6 61.1 76.2 84.6

Mean value =+ standard deviation (n = 3); nd: soluble content in the bioaccessible fraction below the LOQ (limit of quantification): 0.4 ug/100 g (Se); 0.04 mg/100 g
(Cu, Fe, Mn and Zn); 0.58 mg/100 g (Mg); 1,64 mg/100 g (Ca and Na); 2.44 mg/100 g (K); 2.48 mg/100 g (P).

yogurts, with studies only on the base ingredient used to produce plant-
based yogurt. Santos et al. (2014) evaluated the mineral composition of
coconut milk by ICP OES, which is one of the main ingredients in
obtaining plant-based yogurt, and reported values of 5.8-131; <
0.27-1.56; 0.76-5.52; 212-1781; 14.9-201; < 0.11-3.88; 274-625;
26-341; and < 0.74-3.2 ng/g for Ca, Cu, Fe, K, Mg, Mn, Na, P, and Zn,
respectively. When comparing the results, although similar results were
observed for the Ca, Cu, Mg, and Mn contents, the Fe, K, Na, P, and Zn
contents were lower than those found in the present study.

Cunha et al. (2022) evaluated the physical properties, bioactive
potential, and inorganic element profile of dairy powders enriched with
soybean extract. The authors found contents of 9.02 + 0.30; 493 + 56;
28.7 +1.1; 34.7 + 0.58; 5108 + 608; 9356 + 1125; 2992 + 69; 1602 +
63; and 11,100 + 826 for Cu, Fe, Mn, Zn, Ca, K, Mg, Na, and P,
respectively, in the soy extract powder. As expected, the results were
higher than those found in the present study since the inorganic ele-
ments were concentrated in the raw material (soybean extract powder).
Gawalko et al. (2009) observed the presence of several trace elements in
peas, with contents of 482-1550; 2.96-14.6; 28.6-80; 5804-13310;
1011-1515; 3.78-21.3; 1278-6018; < 0.05-1.95; and 17.7-79.6 mg/kg
for the elements Ca, Cu, Fe, K, Mg, Mn, P, Se, and Zn, respectively.

3.3. Contribution of plant-based yogurt consumption to the RDI of
essential elements

Table 3 shows the consumption contributions for one serving (170 g)
of plant-based and animal-based yogurt in the daily reference values
(DRV) of essential elements for adults, pregnant women, breastfeeding
women, and children aged 4-8 years. The RDI values are in accordance
with the technical regulation IN 75 of the National Health Surveillance
Agency in Brazil (Brasil, 2020) (Table S1, Supplementary Material). Due
to the wide variation in the mineral composition of the plant-based
yogurts, the contributions are presented as average, minimum, and
maximum values.

The elements Ca, P, Zn, Mg, K, and Na are part of the mineral
composition of animal products, including yogurt (Fuquay et al., 2011;
Pedro et al., 2002), and were also found in the samples of the present
study. Furthermore, Se contents were observed in both plant-based and
animal-based yogurts.

The maximum Ca contribution for plant-based yogurt proved to be
higher than 30% for all individuals evaluated, even higher than the Ca
contribution of yogurt of animal origin for adults, pregnant, breast-
feeding women, and children aged 4-8 years. However, when evaluating
the average value, the contributions were lower, corresponding to

approximately half of the values observed in the animal-based yogurt.
This fact should be taken into consideration by individuals who do not
consume products of animal origin, such as yogurt, once the Ca contri-
bution may be compromised depending on the brand, the process (for-
tified or not), and the food base. In addition, it is worth mentioning that
these findings are based on the total content of the element, which may
be not available for absorption in the body.

The contributions of the elements Cu, Fe, and Mn were significant in
the plant-based yogurt samples, which were not observed in the animal-
based yogurts, which showed contents below the LOQ. For Cu, the RDI
contribution can reach 30% in adults and 61% in children depending on
the plant-based yogurt consumed. This fact is relevant since the con-
sumption of different foods throughout the day also contributes to the
RDI of Cu and other nutrients, which may lead to an excess of this
element in the body.

The contributions in the RDI of the elements Mg, P, Zn, and Se were
observed for both yogurts (plant-based and animal-based) and were
always higher in the animal-based yogurt when compared to the plant-
based yogurt. However, when comparing with the maximum values, the
contributions of P and Mn can reach 64% and 38% in children aged 4-8
years, respectively. Although the Se contributions were higher in yogurt
of animal origin, the values found in the plant-based yogurts were
similar. Concerning the elements Na and K, the average contents were
lower in the plant-based samples, despite the higher RDI when
compared the maximum Na and K levels.

As previously reported, plant-based yogurt is a novel food category,
thus caution in consumption is required since there are little data in the
literature on the mineral composition of this type of food.

4. Estimation of mineral bioaccessibility in plant-based yogurts

Five plant-based yogurt samples (2, 5, 12, 13, and 16) and one
animal-based yogurt sample (18) were selected for the estimation of
mineral bioaccessibility. The selection took into consideration different
brands and compositions. Table 4 presents the results of the total con-
tent, soluble fraction, and bioaccessibility percentage of essential ele-
ments of the plant-based and animal-based yogurts. The total contents
were only presented for the samples with soluble fractions higher than
the LOQ.

Although total Ca contents were found in samples 2 and 12, the
soluble Ca fraction was below the LOQ (<1.64 mg/100 g) in the bio-
accessible fraction, thus the bioaccessibility percentage was not deter-
mined. In contrast, samples 5, 13, and 16 had bioaccessible percentages
of 17%, 34%, and 36%, respectively. Although sample 5 had a high total
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Table 5
Mean, minimum, and maximum contents (ug/kg) of trace elements of plant-
based yogurts.
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Table 6
Total content (ug/kg), soluble fraction (ug/kg), and bioaccessible percentage of
essential elements of plant-based and animal-based yogurts.

Value Al Ba Co Cr Mo Ni Samples  Parameters Al Ba Co Cr Mo Ni
Mean 870 261 11.7 25.2 105 108 2 Total content  nd 1000 411 414 329 277
Minimum < 200 <4 <4 <4 <4 <4 +190 +71 £27 £19 +19
Maximum 9019 1505 40.6 88.1 348 700 Soluble 117 450 323 256 19.4
fraction +11 + 0.2 +0.3 +5 +25
% 11.7 109 781 779 7.0
Ca content, due to the fortification with tricalcium phosphate, the bio- bioaccessible
accessible fraction did not show the same behavior, which contributed 5 Total content 6716 665 nd 749 7.31 412
toal bioaccessibility percentage. Such behavior was not observed £740 £59 £69  £04  £63
0 a lower ty percentage. €l ! Soluble 747 360 30 643 37.0
for sample 13, once although it is a Ca-fortified sample, it showed a fraction +62 49 +13 404 425
bioaccessibility similar to sample 16, which was not fortified. When % 11 54.1 480 879 899
comparing the bioaccessibility results of the plant-based yogurt and the bioaccessible
animal-based yogurt (40.6%), the bioaccessibility can be reduced by 12 Total content  nd liozg nd nd nd liof
4-27% depending on the composition of the plant-based sample. Soluble 328 37.1
The bioaccessibility percentage of Mg ranged from 7.66% to 70.3% fraction +6 +1.1
in the plant-based yogurts and was higher when compared to the animal- % 30.2 35.0
based yogurt (61.1%). Sample 16 exhibited the highest bioaccessibility bioaccessible
. . 13 Total content  nd 700 28.0 37.0 nd 454
percentage (70.3%), followed by sample 5 (58.5%). It is worth noting 424 123 4392 +34
that both samples contain fruits (strawberry and red fruits, respectively) Soluble 237 250  6.22 136
in their composition, which may have contributed to the higher per- fraction + 20 +1.2  +0.2 +4
centage of bioaccessible Mg. % ) 33.9 89.0 1638 29.9
Concerning element P, the percentages ranged from not detected bioaccessible
o le 18). S le 5 exhibited 75.4% of bi 16 Total content  nd 136 nd 30.7 nd 491
(sample 16) to 76.2% (sample 18). Sample 5 exhibite .4% of bio- 431 109 140
accessibility, similar to that of animal origin (76.2%). Regarding Zn, Soluble 104 19.6 252
only the animal-based yogurt (18) showed a bioaccessibility percentage fraction +14 +0.7 +7
(85%), while all plant-based yogurts showed values below LOQ. :‘f bl 76.1 63.9 51.3
0 . . . 10accessible
About the % of bloaccess.1b1e frac'tl(?l? of the elements Mn, Cu, 'and Fe, 18 Total content  nd nd nd nd 585 nd
only sample 16 presented bioaccessibility for these elements, with per- +1.2
centages of 30.4%, 25.0%, and 9.17%, respectively. The other samples Soluble 415
exhibited varied bioaccessibility, with values of 28.6% for Mn (sample fraction £3.9
0,
12), 53.9%, and 61.2% for Cu (samples 2 and 13) and 32.7% for Fe A’ . 70.9
bioaccessible

(sample 2). It is worth noting that only sample 16 contained red fruits in
its composition (blackberry, raspberry, and strawberry), besides
requiring reconstitution before consumption (powdered sample).
Regarding the element Se, although it was possible to quantify the total
content in the samples studied, it was not possible to determine the
soluble fraction, which impaired the calculation of % bioaccessibility.

4.1. Total content of trace elements and estimated bioaccessibility in
plant-based and animal-based yogurts

The total contents of trace and potentially toxic elements in plant-
based and animal-based yogurt samples were addressed in detail in a
previous study by our research group (Rebellato et al., 2023). As already
reported, because it is a new food category, there are few studies on
plant-based products, mostly contemplating plant-based beverages.
Thus, information about the bioaccessible percentage of trace and
potentially toxic inorganic elements in plant-based yogurts has not been
found in the literature. Table 5 presents the total contents (average,
minimum, and maximum) of the elements selected for the evaluation of
bioaccessibility assessment in plant-based yogurt samples.

Table 5 shows a large variation in the composition of the trace ele-
ments evaluated. An increase of 10x and 7x was observed for the Al and
Ni contents when compared to the maximum levels. However, when
comparing the minimum and maximum contents, the increase was 45x,
704x, 175x, 87x, 376%, and 3x for Al, Cr, Ni, Mo, Ba, and Co, respec-
tively. Zhang et al. (2019) evaluated heavy metals in soybeans and
found different concentrations of the elements, such as the differences
between the minimum and maximum Ni content from 0.53 to 15.0
mg/kg, representing an increase of 28x. Zhang et al. (2021) analyzed the
concentration of metals in soybeans from different soil types and re-
ported contents ranging from 0.062 to 0.83 mg Cr/kg, 9.5-15 mg Cu/kg,
0.34-1.1 mg Ni/kg, and 31-120 mg Zn/kg. Gawalko et al. (2009)

Mean value + standard deviation (n = 3); nd: soluble content in the bio-
accessible fraction below the LOQ (limit of quantification): 4 ug/kg (Ba, Co, Cr,
Mo and Ni); 200 pg/kg (Al).

determined the levels of various trace elements in peas to ensure the
safety of the grain and reported levels of < 0.05-0.99 mg Co/kg, <
0.025-0.75 mg Cr/kg, and 0.49-8.08 mg Ni/kg.

Although the samples of this study presented low contents of these
elements, the major concern associated with toxic inorganic elements is
the cumulative toxicity, and non-carcinogenic and/or carcinogenic risk,
causing harmful impacts on human health (Kong et al., 2020). In this
sense, the knowledge of the total content, as well as the soluble fraction
is of great relevance to estimating the availability of absorption of these
elements in the body.

The results of the total content, soluble fraction, and bioaccessible
percentage of the elements Al, Ba, Co, Cr, Mo, and Ni in plant-based and
animal-based yogurts are presented in Table 6.

As can be seen in Table 6, only sample 5 showed bioaccessible Al (%),
while the others had levels below the LOQ (200 ppb), including the
animal-based yogurt.

Regarding the elements Cr and Mo, daily reference values (DRV) are
established for these elements (Table A, Supplementary Material). When
calculating the RDI contribution for these 2 elements for the consump-
tion of a 170 g serving of yogurt, values above 120% are observed for
adult individuals, pregnant women, breastfeeding women, and children
aged 4-8 years for molybdenum. In turn, for chromium, contributions of
around 40% were observed for adults, pregnant women, breastfeeding
women, and 100% for children aged 4-8 years. Furthermore, when
evaluating the bioaccessibility, percentages of 8-64% were obtained for
Cr, and above 70% for Mo, reinforcing the recommendation of moderate
consumption of this food category.



A.P. Rebellato et al.

(A) . 17A

PC2 (26.6%)

*
-
5

B 1B 3A-2B

4 PC1 (36.1%)

Journal of Food Composition and Analysis 123 (2023) 105639

0.5 Mn
®) kv
% 9K
NS 03 N1 o Ba
~ + Co
o
%j ¢ Cu
0.1
& So
-0.3 0.1 0.1 02 Zn 0.5
¢ Cr 0.1 * Al
¢ Fe
¢ Ca P QN; Mo
-0.3 PCl1 (36.1%)

Fig. 1. Principal Component Analysis of the essential and toxic inorganic elements in plant-based and animal-based yogurts (18 A). Graphs of scores (A) and

loadings (B).

Concerning the trace elements Ni, Ba, and Co, only the animal-based
yogurt did not present quantifiable bioaccessible contents. In turn, the
plant-based yogurts showed bioaccessibility percentages of 7-90% for
Ni and 12-76% for Ba, and only samples 2 (%) and 13 (89%) showed Co
bioaccessibility, with percentages of 11% and 89%, respectively.

5. Principal component analysis (PCA)

Principal Component Analysis (PCA) was performed to check for
possible correlations between the essential inorganic and the potentially
toxic elements. The PCA was constructed with 45 samples (plant-based
and animal-based yogurts) and 16 variables (for the essential and toxic
inorganic elements), resulting in a 45 x 16-dimension matrix repre-
senting 720 trials. Data were auto-scaled and sample 13 (lots A, B, and
C) was considered an outlier. A new PCA was constructed with 42
samples and 16 variables, with a 62.4% variance between PC1 and PC2.

The score plot in Fig. 1A presents the sample distribution, with the
formation of 4 distinct groups. The first group was formed by samples 1,
2, and 3 (lots A, B, and C), all from the same brand, and similar ingre-
dient characteristics. The second group corresponded to sample 12, the
only one containing red fruits in its composition. Samples 4 C, 5B, 5 C,
5D, and 6 A formed the third group, corresponding to the samples of the
same brand, with similar composition characteristics. Finally, the fourth
group was formed from the remaining samples, with varied brands and
lots, including animal-based yogurt. Samples 16 A and 17B did not
correlate with any other group.

The loading plot (Fig. 1B) indicates the effect of the analytes that led
to the separation of the samples. The first group contained pea and soy
protein as the main ingredient and was grouped due to the higher Al, Fe,
Mo, and Na contents. The second group was composed of only one
sample, which was classified as having higher Ba and Co contents. The
third group, composed of the same brand with different samples and
lots, had higher Ca and Cr contents, as declared on the label since they
were fortified with Ca. The fourth group, composed of the other samples,
including sample 18 A (animal-based yogurt), was probably classified
due to the low amounts of all elements. Samples 16 A and 17 A were not
grouped because they contained high levels of Ni and K, and Mg and Mn,
respectively.

6. Conclusion

Different contents of essential inorganic elements were observed in
the plant-based yogurts, including samples of the same brand and
different lots. Furthermore, the mineral composition of the animal-based
yogurt was different from the plant-based sample. These differences
were confirmed when comparing the contribution of the consumption of
a serving of plant-based or animal-based yogurt per day for the

recommended daily intake.

The exploratory data analysis (PCA) allowed the classification of the
samples into distinct groups based on their ingredients, including the
samples containing pea and soy protein, which had higher Al, Fe, Mo,
and Na contents, and the samples fortified with minerals such as
calcium.

The INFOGEST 2.0 protocol was used to estimate the bioaccessibility
of essential elements in plant-based yogurts, and the results showed
great variation, probably due to the difference in composition among the
samples. Concerning the trace elements, although low levels were
observed, the bioaccessibility percentage was higher than 50% for some
elements, which shows the need for caution in consumption.

Plant-based yogurts are considered a new category of food product,
thus data in the literature are still scarce on this subject. In this context,
the present study can contribute with data about the composition and
the estimated absorption of essential and potentially toxic inorganic
elements in plant-based yogurts, as well as the contribution to daily
intake, thus ensuring the safety and health of consumers.
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